Cross sections for the double K-shell vacancy production of lithium atoms in collision with fast charged projectiles are calculated. For these ionizationexcitation processes, the relative importance of the different first-and secondorder mechanisms and the dependence of the cross sections on the sign of projectile charge are investigated. Our studies confirm the strong influence of electron-electron correlations on the behaviour of the cross sections. The obtained results are in reasonable agreement with the data as observed in recent experiments.
Introduction
Electronic excitations of inner-shell electrons in atomic lithium are very good examples for the importance of electron correlations in atomic scattering and collisions. As shown previously for the excitation of a single K-shell electron [1] , the observed cross sections can be reproduced by theory only if correlated wavefunctions are applied for both the initial bound state and the final scattering states of lithium.
The formation of K-shell vacancy states of lithium by fast charged projectiles has been studied experimentally by Tanis and co-workers [2, 3] during recent years. In the experiments, this process is observed by means of the Auger emission which follows the creation of a K-shell hole. The cross sections for different excited states could be resolved by analysing the Auger electron spectra. A similar (experimental) situation also occurs for simultaneous ionization and excitation of the two K-shell electrons which results in a hollow Li + ion. In the Auger spectra, the decay of these hollow atoms is observed by the KLL satellite lines (these transitions being a satellite to the dominant ones with a single K-shell vacancy). For both excitation processes, the single K-shell excitation and the double K-shell vacancy formation of Li by fast electron impact, new experimental data have been published recently [4] . In practice, these inner-shell excitations can be explained only if the electron-electron interactions are considered properly by going beyond any mean-field approximation. While, from the viewpoint of the experimentalists, the creation of the S states of Li + is caused by shake processes, the production of the P states is believed to follow dielectronic processes (sometimes also called TS1). To test this assumption, a detailed study has been carried out for the formation of hollow Li + ions by the impact of atomic lithium with charged particles. In a previous study [1] , the single K-shell excitation of Li has been described successfully by applying multiconfiguration Hartree-Fock (MCHF) wavefunctions for the initial and final states. In this investigation electron-electron correlations were included into the wavefunctions by making use of a proper superposition of configuration state functions, having the same overall symmetry. In the present work, we have now applied a very similar method for the double K-shell vacancy production. Our aim is to identify the main mechanisms which lead to the formation of the 'hollow K-shell ions' Li + as well as to analyse the cross sections in dependence on the velocity of the projectiles and their charge sign.
Theoretical assumptions
In the present computations, the semiclassical impact-parameter method is adopted for the collision of fast charged projectiles with neutral atoms, together with second-order perturbation theory. In this approximation, the projectile moves along a classical, straight-line trajectory which can be characterized by means of an impact parameter B. From a theoretical viewpoint, of course, this implies that only the electronic system needs to be described by a time-dependent Schrödinger equation, while the projectile follows classical laws throughout and only enters the theoretical treatment of the collisions due to its charge and velocity. Using second-order perturbation theory, then the first-and second-order transition amplitudes can be written as
where i, k and f represent the initial, intermediate and final electronic states of the collision system, respectively. Similarly, E i , E k and E f are the energies of the corresponding (unperturbed) states of the system while V (t) denotes the time-dependent interaction between the projectile and the electrons. In most computations on ion-atom collision, the outcome of the calculations are known to be very sensitive to the treatment of electronic correlations. This has to be expected, in particular, for describing all ionization-excitation processes where the Lienard-Wiechert potential in the ion collision causes a simultaneous re-occupation of at least two electrons in lithium. A completely correlated computation of this process, however, goes much beyond what is feasible today by present-day computer. In order to incorporate at least the dominant parts of the electron correlations in the initial and final wavefunctions, the multiconfiguration Hartree-Fock method has been applied to generate the bound-state orbitals. Since, in this method, the wavefunctions are obtained self-consistently, this includes the relaxation of the bound-state density if both the K-shell electrons are removed from the neutral Li atom. For the construction of the final scattering states, however, the continuum orbitals have been generated in the mean field of the final ion, neglecting the interaction among the different continua. Thus, the continuum-continuum interaction is taken into account only partially, while the electron-electron correlations in the bound-state densities are well represented.
The bound-state wavefunctions have been generated by means of the GRASP92 [5] and RATIP [6] programs. In these programs, atomic state functions are taken as linear combinations of symmetry-adapted configuration states and are optimized on the basis of the Dirac-Coulomb Hamiltonian. Although, this is a relativistic approach for the generation of the wavefunctions, a set of (two-component) non-relativistic orbitals have been substracted by using only the large components and by a proper re-normalization of these functions. For the p and d orbitals, in addition, the two radial functions for j = l ± 1/2 have first been averaged, an approximation which seems well justified as these radial functions 'overlap' to better than 99% for neutral lithium. For the 1s 2 2s 2 S 1/2 ground-state function, an expansion including single and double excitation into the n = 2 and n = 3 shells (i.e., into the active set {1s, 2s, 2p, 3s, 3p, 3d}) have been considered. For the excited states of Li + an active set of {2s, 2p, 3s, 3p} orbitals has been taken into account. In this approximation, we obtained energies which agree within 0.02% with the experimental value for the ground state of Li, and within 1% with the excited states of the Li + (except for the 2p 2 1 S state with a disagreement of 3%). In contrast to the traditional use of the symmetry-adapted wavefunctions, however, an expansion into (two-or three-electron) Slater determinants has first been carried out in order to apply our previously developed collision code [7] . For time-dependent perturbation calculations, the use of determinants has the advantage that no 're-coupling' of the angular momenta is required in the evaluation of the transition amplitudes (1) and (2). To our knowledge, in fact, no implementation is available where symmetry-adapted wavefunctions are used in time-dependent computations.
In a determinants basis, the lithium ground state is given by
with expansion coefficients c i as obtained from the self-consistent wavefunctions [5] and their subsequent expansion into Slater determinants. Similarly, the final scattering states can be written as
having two bound electrons and one in the continuum. Here, φ and φ refer to two different sets of spin orbitals for the initial and final states, respectively, and P and P denote the permutation of the corresponding orbitals. The bound orbitals are labelled by a i , b i and e i , while φ cont refers to some continuum orbital of the emitted electron and has been calculated in the mean field of the residual ion. As for the ground state, the coefficients d j refer to the bound-state computations of the final ionic state.
In the second-order amplitude (2), moreover, the summation over the complete set of intermediate states is restricted to those determinants which differ from the initial-and finalstate determinants by the replacement of just a single electron. Although, obviously, this approximation neglects the correlation in the intermediate states, such a computational scheme is known to be well justified for fast collisions [8] .
Taking into account that the perturbation is a sum of three individual terms of the projectile-electron interaction
the first-order amplitude of the transition can be written as
where the continuum orbital φ cont either appears in the transition matrix element or in one of the overlap integrals. Since, in the second-order amplitudes, the correlation effects are less important, only the leading term in the expansions (3) and (4) for the initial and final states, respectively, has been taken into account explicitly
In this expression, moreover, all terms which contain two interactions with the same electron are neglected because the second-order process of a single electron is usually insignificant for fast collisions. From the first-and second-order amplitudes, the differential cross sections relative to the ejected electron momentum p are obtained by integrating the square of the total amplitude over all values of the impact parameter B, dσ dp
While the first-order amplitude is proportional to Z p , the charge of the projectile, and the second-order amplitude proportional to Z 2 p , now an interference term occurs in the total cross sections which is proportional to the third power of the charge, Z 3 p . It is this term which is eventually responsible for the sign dependence of the cross sections on the projectile charge [9] .
In order to obtain cross sections for the production of different excited states of Li + we integrate the differential cross section above over the angles and magnitude of the ejected electron momentum. Integration over the magnitude of the momentum has been done numerically using the positive half of a 16-point Gauss-Hermite formula, with the highest value of the momentum 5 au. The convergence of the integration has been checked by doubling the number of points and extending the highest momentum value, and errors have been kept below 2%.
Results and discussion
The correlated motion of the bound electrons gives rise to quite sizable wavefunction expansions for the initial and final states. Allowing single and double excitations into all shells up to n = 3, there are 646 determinants in the representation of the 1s 2 2s ground state projectiles in comparison with the experimental data [3] . In order to display the importance of the first-and second-order mechanisms, their individual contributions to the cross sections are listed separately. As expected for Z/v = 0.3, with Z being the charge and v the velocity of the projectiles, the second-order contributions appear to be negligible for the production of most autoionizing states of Li + . The second-order term becomes significant only in the case of the P states which, in the language of single-particle excitations, are produced by two successive dipole transitions.
Some comments are in order here for the fact that the cross section for the 2s3s 3 S state is larger than those for 2s 2 1 S. This behaviour was first observed by Tanis et al [3, 4] and has been explained by the importance of the exchange-shake mechanism, i.e., by means of the successive 1s → 2s and 2s → 3s transitions in the target. Our calculations partially confirm this explanation in that the 2s3s 3 S state is mainly produced by the projectile-electron interaction to ionize one of the K-shell electrons, together with the rearrangement of the remaining electrons in the ions. In our computations, the probability for a certain rearrangement is obtained by the overlap integral between the final and initial multiconfiguration two-electron wavefunctions. In order to identify the direct (1s → 3s) and the exchange (1s → 2s 'plus' 2s → 3s) mechanisms, we have set to 0 all other shake possibilities. With this computational procedure, we then obtain cross sections of 2.25 × 10 −20 cm 2 for the direct mechanism and of 4.35 × 10 −20 cm 2 for the exchange mechanism. The interference between these two mechanisms, together with amplitudes as obtained from admixtures of further determinants, leads to a total first-order contribution of about 4.57 × 10 −20 cm 2 . Further calculations have been performed for the case of electron and proton projectiles with quite different energies. The resulting cross sections for electron projectiles are displayed in table 2 in which the shake-up and shake-off processes are listed separately and together with the first-and second-order cross sections. Here, shake-off means the process of exciting one of the electrons followed by its ejection due to the rearrangement of the electrons, while shake-up denotes the ionization as caused by the projectile and followed by a later excitation through the rearrangement of electrons. The results are also compared with experimental data available [4, 10] . The private communication [10] refers to absolute cross sections, for several impact energies, not published in [4] . The cross sections for proton projectiles are not listed because the differences between results for electron and proton projectiles are less than 2.5% for all final states in the considered projectile velocity range. In the case of triplet final states higher cross sections are obtained for electron projectiles, while for singlet states cross sections for proton projectiles are slightly higher. As seen from table 2, different processes are responsible for the creation of the states within the impact-parameter model from above. The four 1,3 S states, for instance, are mainly formed by first-order shake-up processes, while the second-order processes are found to be negligible, at least for small ratios of Z/v. For the P states, in contrast, a pure shake-up process (that is the ionization of an electron by the projectile and the excitation of another electron to a P state owing to the rearrangement of the bound electrons) is not possible within a singleconfiguration approximation. This process becomes possible only if configuration interactions are taken into account which leads to spp admixtures to the initial-state wavefunctions. With these admixtures, a generalized shake process to P states is allowed after one of the K-shell electrons is ejected. Similarly, configuration interactions in the final state may also contribute to the production of P states.
The main contributions to the P state production arises, however, from the generalized shake-off, i.e., the excitation of one electron to a p orbital while the other electron is ejected due to the rearrangement of the electron density. For fully correlated wavefunctions of the initial and final states, these two mechanisms also include the dielectronic process as mentioned by Tanis et al [3] and Rangama et al [4] . Since our final-state wavefunction are not much correlated, in particular if the interaction with the ejected electron is concerned, only parts of this dielectronic mechanism are included in the computations.
Comparing the results for the first-and second-order processes in table 2, we therefore conclude that second-order processes are negligible for high projectile energies and that they are of only minor importance at low energies. In figures 1-4 , the dependence of the cross sections in the velocity of the projectiles is shown. They are displayed separately for the various final states of the ionization-excitation and are compared with existing experimental data [10, 4] . For each final state in figures 1-4, the contributions from the first-and second-order mechanisms as well as the total cross sections are shown explicitly. Figure 1 shows theoretical cross sections for the ionization-excitation of the two K-shell electrons in lithium into the final 2s 2 1 S and 2p 2 1 S levels. For these levels, clearly, the first-order mechanisms are the dominant ones. For the formation of the 2s 2 1 S final state, in particular, the second-order effects become visible at low energies of the projectiles but are completely negligible at all high energies. As seen from the left panel of this figure, the obtained results are in very good agreement with experiment [10] . For the 2p 2 1 S final state, moreover, the first-order term dominates the cross sections within the entire range of projectile velocities. This can be understood from the fact that no direct second-order process contributes to the 2p 2 1 S level but that it is mainly formed by two 1s → 2p processes and followed by a 1s → continuum-shake mechanism. In contrast to the experiment, the theoretical data show a much slower decrease of the cross sections as a function of the projectile velocity.
The disagreement between the theory and experiment at high velocities is mainly due to the incomplete description of the final-state correlations. Because in the excitation of the 2p 2 1 S state correlation plays a more important role than for the production of the 2s 2 1 S state (which is possible also by simple shake), results for the latter are obtained closer to the experimental data.
The calculated cross sections for the 2s3s 3 S and 2s3s 1 S final states are presented in figure 2 . For the triplet states, the first-order process is again by far the dominant contribution and is in good agreement with experiment. For the 2s3s 1 S singlet state, the influence of the second-order mechanisms is seen at low electron velocities and leads to an overall decrease of the cross sections. These cross sections are however too large for high electron energies when compared with experiment. Figure 3 displays the analogous cross sections for the 2s2p 3 P and 2s2p 1 P levels. For these final states, the second-order mechanisms play a much more pronounced role than for the S states. Here, the theoretical results show only a qualitative agreement with experiment, again because the correlation in the final state was not described completely. The approximations in the computations of the second-order amplitude, the neglect of the correlation in this case and the missing terms in the representation of the intermediate states may also contribute to the discrepancy.
The dependence of the cross sections for the (2, 3sp) 3 P and (2, 3sp) 1 P states on the velocity of the projectiles is shown in figure 4 . These final states are formed by the 2s3p and 3s2p states which are energetically very close to each other and cannot be resolved experimentally. For this reason, we have summed over the cross sections for the individual levels. With this summation, our results in figure 4 shows reasonable agreement with the data from experiment. Figures 1-4 show that the theoretical results are in reasonable agreement with experiment for electron projectiles. Moreover, only a minor change occurs in the cross sections if the charge of the projectile changes its sign. Therefore, there is no need to draw the cross sections also for proton impact in these figures.
Conclusions
The formation of double K-shell vacancy configurations in atomic lithium by 95 MeV u −1
Ar
18+ ion impact and by 0.5 keV, 1.5 keV and 5 keV electron projectiles has been investigated theoretically using the impact-parameter approximation and second-order perturbation theory. While in the first-order calculations, the configuration interactions between the bound electrons were taken into account, the second-order computations are carried out in single configuration by just including the leading term in the determinant expansion of the wavefunctions. In most cases, the obtained cross sections for the formation of an empty K-shell show good agreement with the experimental data available. The discrepancies between theory and experiment for the production of some final states may be explained by the incomplete description of the electron correlations in the final state. Although our method does not lead to perfect results in all cases, these are the first complex calculations which describe the double K-shall vacancy production in lithium. It is found that for the projectile velocities down to about 5 au (for a projectile charge equal to unity), the ionization-excitation cross sections do not depend significantly on the charge sign of the projectile, a fact which can be explained by the small influence of the second-order processes. For the formation of S states with a double K-shell vacancy, the total cross section is dominated by the first-order shake-up processes. For the P states, in contrast, both the generalized shake-up and shake-off processes give rise to significant contributions. In this generalized shake process, there are also included final-state correlations which were described by Tanis et al [3] and Rangama et al [4] as dielectronic processes.
